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(57) ABSTRACT 

An optical system, device, and method that are capable of 
generating high-order Bessel beams and determining the 
orbital angular momentum of at least one of the photons of a 
Bessel beam are provided. The optical system and device 
include a tapered waveguide having an outer surface defined 
by a diameter that varies along a longitudinal axis of the 
waveguide from a first end to an opposing second end. The 
optical system and device include a resonator that is arranged 
in optical communication with the first end of the tapered 
waveguide such that an evanescent field emitted from (i) the 
waveguide can be coupled with the resonator, or (ii) the 
resonator can be coupled with the waveguide. 

18 Claims, 3 Drawing Sheets 
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WGM RESONATORS FOR STUDYING 
ORBITAL ANGULAR MOMENTUM OF A 
PHOTON, AND METHODS 

STATEMENT AS TO FEDERALLY-SPONSORED 5 
RESEARCH 

The invention described herein was made in the perfor- 
mance of work under a NASA contract, and is subject to the 
provisions of Public Law 96-517 (U.S.C. 202) in which the to 
Contractor has elected not to retain title. 

FIELD OF THE INVENTION 

The present teachings relate to an optical device and 15 
method that are capable of generating high-order Bessel 
beams and determining the orbital angular momentum of at 
least one of the photons of a Bessel beam. In particular, the 
present teachings relate to an optical device including a whis- 
pering gallery mode (WGM) resonator that is arranged in 20 
optical communication with a waveguide having a generally 
tapering outer surface. 

BACKGROUND OF THE INVENTION 

25 

Currently, the capacity of transferring and processing 
information through space is limited by the number of bits 
that can be carried by a single photon in a light beam having 
a nonzero orbital angular momentum. Generally, the number 
of orthogonal states of the orbital angular momentum of a 30 
photon determines the number of bits that can be carried by 
the photon. However, generating, detecting, and studying 
high-order beams (e.g., Bessel beams with an orbital angular 
momentum that exceed 1 0 4 h per photon) that could signifi- 
cantly increase the number of bits that can be carried by a 35 
single photon is not easily achievable. 

Known techniques for studying orbital angular momentum 
of light beams include interferometric and holographic meth- 
ods. These methods either require that many photons in the 
same state or are designed to study only a selected momentum 40 
state. The interferometric technique for measuring orbital 
angular momentum utilizes a series of cascaded Mach-Ze- 
hnder interferometers with rotating elements, such as Dove 
prisms. This technique classifies the incoming photons by 
their angular momentum and then directs the classified pho- 45 
tons into their corresponding output ports. In the interfero- 
metric technique, however, the number of the cascaded 
Mach-Zehnder interferometers increases with the value of the 
maximum angular momentum of the photon. As a result, the 
need for a large number of interferometers for high-order 50 
Bessel beams makes this technique impractical. 

Accordingly, a need exists for a system, device, and 
method to efficiently generate, detect, and study high-order 
Bessel beams. In particular, a need exists for a device that is 
capable of measuring both single photon and multiple-photon 55 
orbital angular momentum states. 

SUMMARY OF THE INVENTION 

The present teachings disclose an optical system and 60 
device, and methods related thereto, that are capable of (i) 
generating high-order Bessel beams, and (ii) determining the 
orbital angular momentum of at least one of the photons of the 
Bessel beam. 

According to the present teachings, the optical system 65 
includes a waveguide having an outer surface defined by a 
diameter that varies along a longitudinal axis of the 


2 

waveguide from a first end to an opposing second end. The 
first end of the waveguide defines a first diameter and the 
opposing second end of the waveguide defines a second diam- 
eter, which is larger than the first diameter. The optical system 
also includes a resonator arranged in optical communication 
with the first end of the waveguide such that an evanescent 
field emitted from one of the waveguide and the resonator is 
capable of being coupled into one of the other resonator and 
waveguide. 

The present teachings also described an optical device 
including a waveguide portion including a first end defined by 
a first diameter, an opposing second end defined by a second 
diameter, and an outer surface substantially continuously 
tapering from the second end to the first end. The optical 
device also includes a whispering gallery mode resonator 
portion formed about the first end of the waveguide portion, 
such that the waveguide portion and the whispering gallery 
mode resonator portion form a unitary, one-piece optical 
waveguide structure. 

According to the present teachings, a method of generating 
high-order Bessel beams in free space is provided. The 
method includes providing a waveguide including a first end 
defined by a first diameter, an opposing second end defined by 
a second diameter, and an outer surface tapering from the 
second end to the first end. The method also includes provid- 
ing a whispering gallery mode resonator arranged at the first 
end of the waveguide. The method further includes coupling 
light to a mode of the whispering gallery mode resonator to 
produce a high-order Bessel beam in the whispering gallery 
mode resonator, transferring the high-order Bessel beam into 
the first end of the waveguide by emitting an evanescent field 
from the resonator, and extracting the high-order Bessel beam 
from the second end of the waveguide. 

According to the present teachings, a method of determin- 
ing orbital angular momentum of a photon is also provided. 
The method includes providing a waveguide including a first 
end defined by a first diameter, an opposing second end 
defined by a second diameter, and an outer surface tapering 
from the second end to the first end. The method also includes 
providing a whispering gallery mode resonator arranged at 
the first end of the waveguide. The method further includes 
introducing an existing Bessel beam including a plurality of 
photons having unknown characteristics into the second end 
of the waveguide, directing the Bessel beam from the second 
end of the waveguide to the first end of the waveguide, emit- 
ting an evanescent field generated by the Bessel beam from 
the first end of the waveguide and into the whispering gallery 
mode resonator, and determining the orbital angular momen- 
tum of at least one of the photons of the Bessel beam present 
in the evanescent field by ascertaining whether a frequency of 
the emitted evanescent field is supported by a mode of the 
whispering gallery mode resonator. 

Additional features and advantages of various embodi- 
ments will be set forth, in part, in the description that follows, 
and, in part, will be apparent from the description, or may be 
learned by practice of various embodiments. The objectives 
and other advantages of various embodiments will be realized 
and attained by means of the elements and combinations 
particularly pointed out in the description herein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a perspective view of an optical system according 
to various embodiments; 

FIG. 2 is a cross-sectional side view of the optical system of 
FIG. 1; 
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FIG. 3 is a perspective view of an optical device according 
to various embodiments; 

FIG. 4 is a cross-sectional side view of the optical device of 
FIG. 3; 

FIG. 5 is a cross-sectional side view of an optical device of 
the present teachings having a ring-shaped resonator formed 
around a longitudinal axis of a waveguide; and 

FIG. 6 is a cross-sectional side view of an optical device of 
the present teachings including an annular channel formed 
around a longitudinal axis of a waveguide. 

It is to be understood that both the foregoing general 
description and the following detailed description are exem- 
plary and explanatory only, and are intended to provide an 
explanation of various embodiments of the present teachings. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The present teachings are directed to an optical device and 
system that are capable of generating Bessel beams and deter- 
mining the orbital angular momentum of at least one of the 
photons of a Bessel beam. The present teachings are also 
directed to a method of generating high-order Bessel beams 
in free space, a method of determining orbital angular 
momentum of a photon, and a method of making an optical 
device. The optical device and system of the present teachings 
can generate and detect high-order Bessel beams with an 
orbital angular momentum exceeding 10 4 h per photon, 
which has uses in the areas relating to, for example, optical 
tweezers, nonlinear optics, atom trapping, plasma physics, 
and quantum information transfer and processing. 

Referring to FIGS. 1 and 2, an exemplary optical system 10 
of the present teachings is shown. The optical system 10 can 
include (i) a waveguide 20 having a first end 40 and an 
opposing second end 50, and (ii) a whispering gallery mode 
(WGM) resonator 30 that is arranged in optical communica- 
tion with the first end 40 of the waveguide 20 such that an 
evanescent field emitted from either one of the waveguide 20 
or the resonator 30 can couple with one of the other 
waveguide 20 or resonator 30. The waveguide 20 includes an 
outer surface that is defined by a diameter that varies along a 
longitudinal axis 60 of the waveguide 20 from the first end 40 
to the second end 50. Referring to FIG. 2, the first end 40 of 
the waveguide 20 can be defined by a first diameter D x , and 
the second end 50 can be defined by a second diameter D 2 , 
which is larger than the first diameter D x . 

As shown in FIG. 1, the varying diameter of the outer 
surface of the waveguide 20 can taper from the second end 50 
to the first end 40 of the waveguide 20. According to various 
embodiments, the taper can be continuous from the second 
end 50 to the first end 40. The tapered shape of the waveguide 
20 permits (i) the extraction of a Bessel beam generated by the 
resonator 30 into free space through second end 50 of the 
waveguide 20, and/or (ii) the coupling of a Bessel beam from 
free space into the waveguide 20 via second end 50 of the 
waveguide 20. The tapered shaped of the waveguide 20 per- 
mits the conservation of the angular (v) number and the 
frequency (k) of the wave of the Bessel beam. Moreover, the 
conservation of the angular (v) number and the frequency (k) 
of the wave results in an increase in a propagation constant (p) 
at the expense of a transverse momentum (k v<? ) as the diam- 
eter of the waveguide 20 expands from the first end 40 to the 
second end 50, while the opposite occurs as the waveguide 20 
tapers from the second end 50 to the first end 40. Therefore, 
with respect to (i) above, the increase in the diameter of the 
waveguide 20 from the first end 40 to the second end 50 
operates to alter the wave vector of the generated Bessel beam 
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which allows the Bessel beam to escape from the second end 
50 of the waveguide 20 into free space. 

In one exemplary embodiment, the WGM resonator 30 of 
the optical system 10 of the present teachings is in a shape of 
5 a disk; however, the resonator 3 0 can be in any shape, such as , 
for example, a generally spheroidal shape. In an operative 
position, the resonator 30 and the waveguide 20 can be 
arranged in vicinity of one another such that the longitudinal 
axis of the resonator 30 is coaxial with the longitudinal axis of 
to the waveguide 20 . As shown in FIGS. 1 and 2, the waveguide 
20 and the resonator 30 of the optical system 10 can be 
separated from one another by a separation distance, X. The 
separation distance, X, can be substantially fixed or, alterna- 
tively, can be varied by moving the waveguide 20 and/or the 
15 resonator 30 along their respective longitudinal axes. In one 
exemplary embodiment, the waveguide 20 and/or the resona- 
tor 30 can be moved such that they are placed in physical 
contact with one another. The magnitude of the separation 
distance, X, determines the loading of the resonator 30 and 
20 the ability of light to (i) propagate from the resonator 30 into 
the waveguide 20 when light is coupled with the resonator 20, 
or (ii) propagate from the waveguide 20 into the resonator 30 
when light is coupled with the waveguide 20. As a result, by 
altering the separation distance, X, it is possible to tune the 
25 resonator loading and the amount of light propagation 
achieved between the waveguide 20 and the resonator 30. 

As shown in FIGS. 1 and 2, the first end 40 and the second 
end 50 of the waveguide 20 define substantially circular 
cross-sections D 1? D 2 , taken normal to the longitudinal axis 
30 60. Moreover, the resonator 3 0 can al so define a sub stantially 
circular cross-section D 0 . In one exemplary embodiment, as 
shown in FIGS. 1 and 2, the diameter, D 0 , of the resonator 30 
and the diameter, D 1? of the first end 40 of the waveguide 20 
can be substantially equal to one another. When the diam- 
35 eters, D 0 and D 1; are substantially equal to one another, it is 
possible to achieve critical coupling, whereby all of the pho- 
tons with appropriate wave vectors propagate from the 
waveguide 20 into the resonator 30. In another exemplary 
embodiment, the diameters, D 0 and D x can be arranged to be 
40 unequal. The dimensions of the waveguide 20 and the reso- 
nator 30 of the present teachings are dependent upon the 
environment of use, manufacturing constraints, and the 
desired light altering characteristics to be achieved. 

Referring to FIGS. 3 and 4, an exemplary optical device 12 
45 of the present teachings is shown and can be considered a 
low-contrast, WGM resonator. The low -contrast WGM reso- 
nator 12 can be a unitary, one-piece structure including a 
waveguide portion 20 and a ring-shaped resonator portion 32 
that extends about the waveguide portion 20. For example, as 
50 shown in FIGS. 3 and 4, the waveguide portion 20 can 
includes a first end 40 defined by a first diameter D 1? and an 
opposing second end 50 defined by a second diameter, D 2 . 
The waveguide portion 20 includes an outer surface that 
generally tapers from the second end 50 to the first end 40. 
55 According to various embodiments, the taper can be continu- 
ous from the second end 50 to the first end 40. The ring- 
shaped resonator portion 32 can extend about the first end 40 
of the waveguide portion 20. The structure of the ring-shaped 
resonator portion 32 of the optical device 12 of the present 
60 teachings is distinguished from ordinary WGM resonators 
because its modes decay primarily into Bessel modes within 
the resonator portion 32 and not into free space. The ring- 
shaped resonator portion 32 also possesses its own localized 
whispering gallery modes. As shown in FIGS. 3 and 4, the 
65 optical device 12 of the present teachings can include an 
annular channel 42 formed intermediate of the first end 40 and 
the second end 50 of the waveguide portion 20. 
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As shown in FIGS. 3 and 4, the first end 40 and the second 
end 50 of the waveguide 20 define substantially circular 
cross-sections D 1? D 2 , taken normal to the longitudinal axis 
60. Moreover, as shown in FIG. 4, the ring-shaped resonator 
portion 32 is formed about the circumference of the first end 
40 of the waveguide portion 20 and is defined by an outer 
diameter D 3 that is larger than the diameter D 1 . As shown in 
FIG. 4, the annular channel 42 can be defined by a depth, L, 
and a width, W. Accordingly, in the optical device 12 of FIGS. 
3 and 4 , the resonator portion 32 and the waveguide portion 2 0 
can form a unitary, one-piece optical structure. The width, W, 
and depth, L, of the annular channel 42 can be sized such that 
an evanescent field emitted from the ring-shaped resonator 
portion 32 is formed in the annular channel 42 and transmitted 
into the waveguide portion 20 in an area about the annular 
channel 42. The size and shape of the waveguide portion 20, 
ring-shaped resonator portion 32, and the annular channel 42, 
are dependent upon the desired mode of the resonator portion 
32 and the type and quality of material used to fabricate the 
optical device 12. 

Referring to FIG. 5, a cross-sectional side view of another 
exemplary embodiment of the optical device 12 of the present 
teachings is shown. FIG. 5 is similar to FIG. 4 with the 
exception that the annular channel 42 shown in FIG. 4 is not 
provided. Accordingly, in the optical device 12 of FIG. 5, an 
evanescent field 45 emitted from the ring-shaped resonator 
portion 32 forms in an interior area at the first end 40 of the 
waveguide portion 20 and generally radially inwardly from 
the ring-shaped resonator portion 32. 

Referring to FIG. 6, a cross-section of yet another exem- 
plary embodiment of the optical device 12 of the present 
teachings is shown. According to FIG. 6, an annular channel 
42 is formed a predetermined distance from the first end 40 of 
the optical device 12. In this exemplary embodiment, the 
formation of the annular channel 42 causes the area in the 
vicinity of the first end 40 of the waveguide portion 20 to act 
as a WGM resonator 32. 

The optical system and device of the present teachings can 
be made from an optically transparent, electro-optic material. 
In an exemplary embodiment, the composition of the resona- 
tor 30, 32 and/or the waveguide 20 can include lithium nio- 
bate (LiNb0 3 ), lithium tantalate (LiTa0 3 ), sapphire (A1 2 0 3 ), 
silica (Si0 2 ) and/or calcium fluoride (CaF 2 ). Preferably, the 
composition of the components can include CaF 2 or Si0 2 and, 
more preferably, can be made substantially entirely from 
CaF 2 or Si0 2 . 

According to various embodiments, a method of generat- 
ing high-order Bessel beams in free space is provided. The 
method includes coupling light to a mode of a resonator 30, 
32 of the present teachings to produce a high-order Bessel 
beam within the resonator 30, 32. As shown in FIGS. 1 and 3, 
this can be achieved by directing light into an optical coupler 
15 arranged in the vicinity of the resonators 30, 32. Light is 
coupled into the resonators 30, 32 via an evanescent field 
emitted from the coupler 15. Coupling light into the resona- 
tors 30, 32 selectively excites a desired WGM of the resona- 
tors 30, 32. As discussed below, exciting particular modes of 
the resonators 30, 32 results in the generation and subsequent 
free space emission through the tapered waveguide 50 of the 
present teachings of a high-order Bessel beam including pho- 
tons having a particular angular momentum. 

The method further includes transferring the generated 
high-order Bessel beam into the first end 40 of the waveguide 
20 by emitting an evanescent field generated by the Bessel 
beam. For example, referring to the optical device 12 of FIG. 
5, an evanescent field 45 emitted from the resonator portion 
32 can be formed in an interior of the first end 40 of the 
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waveguide portion 20. Alternatively, in an optical device 12 
including a separation distance, X, or having an annular chan- 
nel 42, as shown in FIGS. 1, 2, and FIGS. 3, 4, 6, respectively, 
an evanescent field generated by the Bessel beam can be 
5 formed in the area of the separation or in the annular channel 
42. The free space emission of the Bessel beam is accom- 
plished by extracting the high-order Bessel beam from the 
second end 50 of the waveguide 20. This occurs as a result of 
the tapered shape of the waveguide 20 of the present teachings 
to which shape promotes the extraction of the generated Bessel 
beam into free space. 

According to various embodiments, a method of determin- 
ing orbital angular momentum of a photon is also provided. 
The method includes introducing an existing Bessel beam, 
15 including a plurality of photons having unknown character- 
istics, into the second end 50 of the waveguide 20 of the 
present teachings. The method also includes directing the 
Bessel beam from the second end 50 to the first end 40 of the 
waveguide 20 and emitting an evanescent field generated by 
20 the Bessel beam out from the first end 40 and into a resonator 
30, 32. The method further includes determining the orbital 
angular momentum of at least one of the photons of the Bessel 
beam present in the evanescent field by ascertaining whether 
a frequency of the emitted evanescent field is supported by a 
25 mode of the resonator 30, 32. The waves of a Bessel beam 
experience a strong interaction with the modes of the resona- 
tor 30, 32 when the quantum numbers of waves in the 
waveguide 20 and in the resonator 30, 32 coincide. Hence, by 
observing WGMs, the angular momentum of a photon of the 
30 Bessel beam can be determined. Furthermore, the photon of 
the Bessel beam can be extracted from the mode of the reso- 
nator 30, 32 through the use of a coupler 15. 

The optical device 12 of the present teachings can be made 
utilizing various machining technologies. For example, the 
35 optical device 12 can be made by securing a cylindrical rod 
onto a machining machine and turning the cylindrical rod 
about its longitudinal axis. A cutting tool can then be used to 
remove material from the cylindrical rod at predetermined 
locations along a longitudinal direction thereof. As a result, 
40 an optical device including a first end 40 defined by a first 
diameter, D l5 an opposing second end 50 defined by a second 
diameter, D 2 , and an outer surface that is substantially con- 
tinuously tapering from the second end 50 to the first end 40 
can be formed. Optionally, the removal of the material from 
45 the cylindrical rot at pre-deteimined locations can result in the 
formation of a raised annular ring over the first end 40 and/or 
formation of an annular channel 42 between the first end 40 
and the second end 50. According to various embodiments, 
the cutting tool can be a diamond tipped cutter. While the 
50 machined optical device 12 is still being turned, a polisher can 
be used to polish the surface of the finished surface of the 
optical device 12. 

Those skilled in the art can appreciate from the foregoing 
description that the present teachings can be implemented in 
55 a variety of forms . Therefore, while these teachings have been 
described in connection with particular embodiments and 
examples thereof, the true scope of the present teachings 
should not be so limited. Various changes and modifications 
may be made without departing from the scope of the teach- 
60 ings herein. 

What is claimed is: 

1. An optical system comprising: 

a means for providing light possessing angular momentum, 
comprising: 

65 a waveguide including an outer surface defined by a diam- 
eter that varies along a longitudinal axis of the 
waveguide from a first end to an opposing second end, 
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the first end of the waveguide defining a first diameter 
and the second end defining a second diameter which is 
larger than the first diameter; and 

a resonator arranged in optical communication with the 
first end of the waveguide such that an evanescent field 5 
emitted from one of the waveguide and the resonator is 
capable of being coupled into one of the other resonator 
and waveguide wherein propogation of the light com- 
prises a spiral pattern. 

2. The optical system of claim 1, wherein the varying to 
diameter of the outer surface of the waveguide continuously 
tapers from the second end to the first end of the waveguide. 

3. The optical system of claim 1, wherein the waveguide 

and the resonator are made from an optically transparent 
material. 15 

4. The optical system of claim 3, wherein the optically 
transparent material is silica, calcium fluoride, or a combina- 
tion thereof. 

5. The optical system of claim 1, wherein the resonator is in 

one of a disk shape and a spheroidal shape. 20 

6. The optical system of claim 1, wherein the resonator is 
spaced from the waveguide via a separation distance such that 
the resonator is not in physical contact with the waveguide. 

7. The optical system of claim 6, wherein the separation 
distance between the resonator and the first end of the 25 
waveguide is capable of being varied. 

8. The optical system of claim 1, wherein the resonator 
defines a diameter which is larger than the first diameter of the 
waveguide. 

9. The optical system of claim 1, wherein the resonator and 30 
the waveguide form a unitary structure. 

10. An optical device comprising: 

a means for providing light possessing angular momentum, 
comprising: 

a waveguide portion including a first end defined by a first 35 
diameter, an opposing second end defined by a second 
diameter, and an outer surface substantially continu- 
ously tapering from the second end to the first end, and 

a whispering gallery mode resonator portion formed about 
the first end of the waveguide portion, such that the 40 
waveguide portion and the whispering gallery mode 
resonator portion form a unitary, one-piece optical 
waveguide structure wherein propogation of the light 
comprises a spiral pattern. 

11. The optical device of claim 10, wherein the optical 45 
device is made of an optically transparent material. 

12. The optical device of claim 11, wherein the optically 
transparent material is silica, calcium fluoride, or a combina- 
tion thereof. 

13. The optical device of claims 10, further comprising an 50 
annular channel formed at a predetermined distance from the 
first end of the waveguide portion. 

14. The optical device of claim 13, wherein the waveguide 
portion and the whispering gallery mode resonator portion 
are arranged such that an evanescent field is capable of being 
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formed in a vicinity of the annular channel when light is 
coupled to either one of the waveguide portion and the whis- 
pering gallery mode resonator portion. 

15. The optical device of claim 10, wherein the waveguide 
portion and the whispering gallery mode resonator portion 
are arranged such that an evanescent field is capable of being 
formed in an interior of the first end of the waveguide portion 
when light is coupled to either one of the waveguide portion 
and the whispering gallery mode resonator portion. 

16. A method of generating high-order Bessel beams in 
free space comprising: 

providing a waveguide including a first end defined by a 
first diameter, an opposing second end defined by a 
second diameter, and an outer surface tapering from the 
second end to the first end; 

providing a whispering gallery mode resonator arranged at 
the first end of the waveguide; 

coupling light to a mode of the whispering gallery mode 
resonator to produce a high-order Bessel beam in the 
whispering gallery mode resonator; 

transferring the high-order Bessel beam into the first end of 
the waveguide by emitting an evanescent field from the 
resonator; and 

extracting the high-order Bessel beam from the second end 
of the waveguide. 

17. The method of claim 16, wherein providing the whis- 
pering gallery mode resonator includes forming the whisper- 
ing gallery mode resonator around the first end of the 
waveguide such that the waveguide and the whispering gal- 
lery mode resonator form a unitary optical waveguide struc- 
ture. 

18. A method of determining orbital angular momentum of 
a photon comprising: 

providing a waveguide including a first end defined by a 
first diameter, an opposing second end defined by a 
second diameter, and an outer surface tapering from the 
second end to the first end; 

providing a whispering gallery mode resonator arranged at 
the first end of the waveguide; 

introducing an existing Bessel beam including a plurality 
of photons having unknown characteristics into the sec- 
ond end of the waveguide; 

directing the Bessel beam from the second end of the 
waveguide to the first end of the waveguide; 

emitting an evanescent field generated by the Bessel beam 
from the first end of the waveguide and into the whis- 
pering gallery mode resonator wherein the Bessel beam 
possesses angular momentum produced by propagation 
of the Bessel beam in a spiral pattern; and 

determining the orbital angular momentum of at least one 
of the photons of the Bessel beam present in the evanes- 
cent field by ascertaining whether a frequency of the 
emitted evanescent field is supported by a mode of the 
whispering gallery mode resonator. 



